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Previous studies on turnip crinkle virus (TCV) have suggested that the two small, centrally located ORFs, conserved in all
Carmoviruses, are both required for cell-to-cell movement (Hacker et al., 1992). We now demonstrate that the cell-to-cell
movement of TCV is mediated by in trans complementation of the two proteins. First, both of the putative movement proteins
(MPs p8 and p9) were shown to be translated in vitro from transcripts representing the 1.7-kb subgenomic RNA. Western blot
analysis, using antisera prepared against GST fusion proteins of both genes, was then used to show that the p8 but not the
p9 protein accumulated to detectable levels in particulate fractions of infected cells. Cell-to-cell movement of various MP
mutants in Arabidopsis was evaluated by in situ hybridization of inoculated leaves. Changes in either of the two MP genes
resulted in failure of the mutants to move cell-to-cell. Coat protein was found to be unnecessary for cell-to-cell movement.
Complementation of cell-to-cell movement by co-inoculating p8-defective mutants with a p9-defective mutant resulted in
delayed systemic infection. In contrast, efficient cell-to-cell movement was achieved when the MP mutants were inoculated
into transgenic plants expressing the corresponding functional gene(s). These experiments provide further evidence that
both MP genes encoded by Carmoviruses must function in trans in the same cell in order to mediate cell-to-cell movement.
© 1998 Academic Press
INTRODUCTION
The cell-to-cell movement process of plant viruses has
been subjected to intensive studies in recent years (for
reviews, see Hull, 1991; Citovsky and Zambryski, 1991;
Deom et al., 1992; Carrington et al., 1996). In most cases,
one or more virus-encoded proteins have been found to
be responsible for potentiating the cell-to-cell movement
in infected plants. The distinctive nature of the coding
sequences implicated in cell-to-cell movement among
members of Tombusviridae suggests that the mecha-
nisms governing this process might be quite diverse
among different genera in this family. The movement
process has been best characterized for red clover ne-
crotic mosaic virus (RCNMV), a member of the Diantho-
virus genus. RCNMV utilizes a process similar to that of
tobacco mosaic virus (TMV), which encodes a 30-kilo-
dalton (kDa) movement protein (MP, Deom et al., 1987),
which binds single-stranded nucleic acids and is local-
ized in plasmodesmata (Citovsky et al., 1990). The RC-
NMV MP is of similar size and it is also localized in
plasmodesmata in the infected plants, where it mediates
cell-to-cell movement of viral RNA (Giesman-Cookmeyer
et al., 1995). In contrast, Tombusviruses encode two
nested MPs, with the larger one (p22) being responsible
for cell-to-cell movement and the smaller one (p19) func-
tioning in an unknown manner to control host-specific
systemic invasion (Dalmay et al., 1993; Scholthof et al.,
1995). Tombusviruses are somewhat unusual in that both
localized and systemic infection can take place in the
absence of coat protein (CP).
Few details exist regarding the cell-to-cell movement
process of the Carmovirus genus other than our prelim-
inary study with turnip crinkle virus (TCV, Hacker et al.,
1992). TCV, the most thoroughly studied member of the
Carmovirus genus (Morris and Hacker, 1994), is a 30-nm
icosahedral plant virus consisting of a single-stranded,
positive-sense RNA genome (4053 nt) and 180 subunits
of a 38-kDa CP (Carrington et al., 1989). Sequence anal-
ysis of the TCV genome revealed the presence of five
open reading frames (ORFs), of which the 59 proximal
ORF (p28) and its readthrough product (p88) are both
essential for genome replication (White et al., 1995). The
39 proximal ORF encodes the CP (Carrington et al., 1987).
The two overlapping internal ORFs (p8 and p9) were both
shown to be involved in the cell-to-cell movement pro-
cess (Riviere and Rochon, 1990; Hacker et al., 1992). A
recent sequence comparison of five Carmovirus species
permitted Weng and Xiong (1997) to conclude that the
presence of these two small ORFs in the middle of the
genome is a characteristic feature of all Carmoviruses
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that distinguishes them from the closely related Tombus-
viruses. Tobacco necrosis virus (TNV, Meulewaeter et al.,
1992) is the only other virus sharing a similar organiza-
tion of movement genes. However, a recent study
showed that a third MP may exist for TNV (Molnar et al.,
1997).
In the present report, we have confirmed that both p8
and p9 can be synthesized from the same subgenomic
RNA in vitro and demonstrated that p8 is readily detect-
able in vivo using immunological probes. By assaying
MP mutants on transgenic Arabidopsis expressing cor-
responding MP genes, we have also provided more
definitive evidence that the cell-to-cell movement of TCV
is mediated by in trans complementation of p8 and p9.
These results suggest that the specific functional do-
mains identified for the larger MPs of TMV (Waigmann et
al., 1994) and RCNMV (Giesman-Cookmeyer and Lom-
mel, 1993) may be separated among two proteins that
complement each other to mediate movement in the
Carmoviruses.
RESULTS
In vitro expression of p8 and p9 from the 1.7-kb
subgenomic (sg) RNA
To investigate whether both the p8 and p9 ORFs could
be translated from the 1.7-kb sgRNA, in vitro transcripts
representing the entire 1.7-kb sgRNA were synthesized
and used as template in a wheat germ in vitro translation
system (Fig. 1). Two small protein products of expected
size (ca.8 and 9 kDa) were synthesized and the quantity
of the more 59 proximal gene product (p8) appeared to be
higher than that of the downstream gene encoding p9
(Fig. 2). This result was consistent with the prediction of
Hacker et al. (1992) that the 1.7-kb sgRNA was bicistronic
and that translation of the first ORF would likely be
initiated more efficiently. Similar results were recently
reported for saguaro cactus virus (SCV), a closely related
Carmovirus (Weng and Xiong, 1997).
Expression of the MP genes in TCV-infected and
transgenic plants
Initial Western blot analysis of protein extracts from
plants systemically infected with TCV failed to reliably
detect the p8 and p9 proteins in vivo. In an effort to
concentrate the putative gene products and also to de-
termine their subcellular distribution, cell fractionation
procedures were performed on infected as well as trans-
genic plant tissues expressing both genes. These frac-
tions included the initial 4000-g centrifugation pellet (P1)
containing organelles, a membrane containing particu-
late fraction (P30), and a soluble protein fraction (S30)
resulting from a 30,000-g centrifugation, and a cell wall
containing fraction (CW). Proteins were then extracted
and equalized to represent an equivalent amount of
starting material prior to SDS–PAGE.
Western blot analyses (Fig. 3) were then performed
using antibodies directed against GST fusion proteins of
p8 (Ab-p8, top panel), p9 (Ab-p9, middle panel), and the
viral CP (bottom panel). The results showed that p8 was
not detectable in the soluble protein fraction (S30) and
that it was most concentrated in the particulate fractions
including the P1, P30, and cell wall material. The same
pattern was evident in fractions from both the TCV-in-
fected plants and the p8 transgenic line (8018). The major
protein band detected by Ab-p8 in the top panel corre-
sponded in size to that expected for the p8 gene product
derived from thrombin digestion of the fusion protein
(GST-p8). Notably, there was a considerable amount of
high-molecular-weight p8-specific antigen retained in
the loading wells that represented some form of an
aggregated or insoluble complex. As expected, the p8
protein was not detected in extracts of the p9 transgenic
line (9003). Similar analysis using the p9-specific anti-
body (Ab-p9), which was capable of detecting the throm-
bin-digested GST-p9 fusion protein, failed to detect a
protein of p9 size in any of the subcellular fractions from
either the p9 transgenic lines or the TCV-infected plants
(Fig. 3, middle panel). The bottom panel, probed with
antibody directed against the CP (Ab-p38), served as a
control for the uninfected transgenic lines and provided
an internal standard for roughly estimating the accumu-
lation of p8 in each fraction relative to that of the viral CP.
Mutagenic analysis of the MP genes
Previous studies suggested that p8 and p9 together
were able to potentiate cell-to-cell movement of TCV
RNA in the absence of CP in both Chenopodium ama-
ranticolor and Brassica campestris, but not in Nicotiana
benthamiana (Hacker et al., 1992). The movement phe-
notype in Arabidopsis thaliana was not thoroughly eval-
uated in these earlier studies. This prompted the more
thorough examination of additional mutants designed to
introduce in-frame as well as frame-shift deletions in
both the p8 and p9 ORFs (see Fig. 1).
The MP genes are not involved in replication or as-
sembly. The capacity of the mutants to replicate and
assemble into virions was tested by inoculation of RNA
transcript derived from each mutant clone into cucumber
protoplasts. The relative accumulation of viral genomic
and subgenomic RNAs in each of the mutants was then
evaluated at 24 h postinoculation by Northern blot anal-
ysis of total RNA extracted from an aliquot (1
4
) of the
inoculated protoplasts (Fig. 4A). All of the mutants repli-
cated to near wild-type levels. In addition, all of the
mutant infections showed levels of sgRNA accumulation
similar to wildtype TCV transcript except for mutant
p8p9d87 (Fig. 4A, lane 9), which failed to produce the
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1.45-kb sgRNA. The deletion within p8p9d87 obviously
disrupted the promoter for the 1.45-kb sgRNA, which was
recently characterized by Wang and Simon (1997). Inter-
estingly, the mutant p8p9d92, whose deletion is five
nucleotides longer at the 59 end and two nucleotides
shorter at the 39 end (nt 2516 in p8p9d92 vs nt 2518 in
p8p9d87), accumulated close to normal levels of 1.45-kb
sgRNA, presumably because the important hairpin struc-
ture was retained in the promoter region (Wang and
Simon, 1997). Virus assembly was tested by examining
for the accumulation of virus particles in protoplasts in a
manner similar to that described by Qu and Morris
(1997). The remaining aliquot (3
4
) of the infected proto-
plasts was subjected to virus purification and virions
FIG. 1. Diagram of the TCV genome and other mutant constructs used in this work. The top diagram shows the wild-type (WT) TCV genome,
with the five ORFs depicted as open boxes. Immediately underneath is the DCP mutant showing the deleted segment from nt 2784 to 3626.
An expanded version encompassing p8 and p9 ORFs below DCP shows the start nucleotides of both sgRNAs (nt 2332 for the 1.7-kb sgRNA
and nt 2606 for the 1.45-kb sgRNA) and other details of the p8 and p9 ORFs. The ScaI site (nt 2290) identifies the start nt of the RNA template
used for the in vitro translation experiments. The deleted area in each of the mutants is indicated along with the nucleotides bordering the
deletions.
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were separated on a 1.2% virus gel and analyzed by
Northern analysis (Fig. 4B). All of the mutants showed
levels of virus assembly similar to those of the wild type
(WT) except mutant p8p9d87 (Fig. 4B, lane 9). This was
consistent with the inability of this mutant to synthesize
the 1.45-kb sgRNA normally utilized for translation of the
CP gene.
Systemic infection requires both MP genes. The MP
mutants were then tested for their ability to infect whole
plants by inoculation to A. thaliana at the eight- to nine-
leaf stage. Virus infection by mutant p8d12 displayed
typical systemic symptoms in 11 of 25 plants at 18 days
postinoculation (dpi). This suggested that it was only
partially movement defective because it was able to
spread systemically in some of the plants. The integrity
of the progeny of this mutant in the systemically infected
leaves was analyzed by amplification of the region of
viral RNA encompassing the p8 and p9 ORFs (nt 2357–
2751, using P8S/P9E primers) by RT–PCR. A fragment of
the expected smaller size (408 bp vs 420 bp in WT, see
Fig. 6A) was observed and sequence analysis of the
RT–PCR product confirmed that the mutant progeny re-
tained the 12-base deletion.
None of the other mutants described in Fig. 1 pro-
duced systemic symptoms on plants after prolonged
infection (see Table 1). The lack of systemic invasiveness
of each of these mutants was confirmed by slot-blot
hybridization analysis of total RNA extracted from sys-
temic leaves of the inoculated plants at 18 dpi. A total of
eight plants were analyzed for each mutant in two sep-
arate experiments (data not shown).
Localized cell-to-cell spread requires both MP genes.
The ability of the MP mutants to move cell-to-cell in the
inoculated leaves was examined using an in situ hybrid-
ization assay of intact inoculated leaves of A. thialana.
Three inoculated leaves from plants infected with each
mutant were collected sequentially at 1, 2, and 4 dpi and
subjected to in situ hybridization. The relative invasive-
ness of wild-type T1d1 transcript (WT) is shown in the
second panel of Fig. 5. Representative inoculated leaves
from plants infected with the partially defective p8d12
mutant and the mutant DCP are also shown (Fig.5, third
and fourth panels). The results clearly show that infection
foci could be detected as early as 2 dpi for wild-type
infections and that extensive invasion occurred in inoc-
FIG. 3. Detection and localization of MPs by Western blot analysis of
cellular fractions. Proteins were extracted from the subcellular fractions
of Arabidopsis tissue from transgenic plants expressing either p8 (line
8018) or p9 (line 9003) and from nontransgenic plants infected with WT
TCV at 30 dpi. They were then separated in 15% SDS–PAGE gels,
transferred to nitrocellulose membranes, and detected with antisera
directed against GST-p8 (top panel), GST-p9 (middle panel), and the
viral CP (P38, bottom panel). The thrombin-digested products of GST-p8
and GST-p9 are shown to the right of the top and middle panels as the
reference for the position of the p8 and p9 proteins.
FIG. 2. Autoradiograph of a 20% SDS–PAGE gel showing the in vitro
translation products labeled with [3H]leucine. Approximately 0.5 mg of
in vitro transcribed 1.7-kb sgRNA or full-length TCV RNA (T1d1) was
used as template. The translational product of the 1.7-kb sgRNA in the
WG system is shown in the lane to the right. The translational products
of full-length viral transcript (T1d1) in both rabbit reticulocyte lysate
(RRL) and wheat germ in vitro translation systems (WG, Promega)
served as positive controls. A reaction without RNA served as a
negative control. The positions of three molecular weight markers are
shown on the left and the positions of the five expected viral-specific
proteins are shown on the right (p88, p38, p28, p9, and p8).
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ulated leaves by 4 dpi. The results were very similar for
leaves inoculated with DCP, confirming our previous ob-
servation about the invasiveness of DCP in B. campestris
(Hacker et al., 1992). In contrast, the deletion mutant
p8d12 showed relatively limited spread from the infection
foci in inoculated leaves at 4 dpi. Examination of numer-
ous leaves in this and subsequent experiments showed
that the extent of spread varied considerably in different
leaves. The area of localized spread was estimated
quantitatively for at least six leaves for each infection
(see Table 1). These analyses confirmed that DCP was
as invasive as the wild type (ca. 7.15 area units versus
7.65 area units at 4 dpi), while p8d12 was fivefold less
invasive (1.54 area units). This result demonstrates that
the movement defect in p8d12 was primarily at the level
of cell-to-cell movement and that it was ‘‘leaky’’ with
respect to invasiveness from different leaves on the
same plant.
When representative leaves infected with each of the
other deletion mutants were analyzed using the same in
situ hybridization assay at 4 dpi, a lack of invasiveness
was confirmed in all cases (not shown). Small foci of
possible infection were observed as a variable number
of very small dots on inoculated leaves in some inocu-
lations. Quantitative estimation of these putative foci of
infection showed that all of the deletion mutants were a
minimum of sevenfold less invasive than wild-type virus
in inoculated leaves.
Evidence for complementation between the
movement mutants
We next tested for the ability of the p9T2 mutant to
complement the movement defect of two selected p8
mutants in Arabidopsis plants. The p8d37 frame-shift
deletion mutant and the p8d39 in-frame deletion mutant
were chosen for this purpose and co-inoculated sepa-
FIG. 4. Replication and encapsidation of the p8 and p9 mutants in
protoplasts. Northern blot analysis was performed for the total RNAs
(A) and the virions (B) separately isolated from aliquots of the same
protoplast infection 24 h after inoculation. The protoplasts were inoc-
ulated with transcripts of T1d1 (WT-TCV, lane 2), DCP (lane 3), p8d12
(lane 4), p8d37 (lane 5), p8d39 (lane 6), p8d75 (lane 7), p8p9d81 (lane 8),
p8p9d87 (lane 9), p8p9d92 (lane 10), and p9T2 (lane 11). Lane 1 was
mock inoculation. Both blots were hybridized with the same 32P-labeled
TCV probe. The three RNA bands most evident in the WT TCV infection
are, from top to bottom, the genomic RNA and the 1.7-kb and 1.45-kb
sgRNAs, respectively. Note that the absence of the 1.45-kb sgRNA in
mutant p8p9d87 (A, lane 9) correlates with the inability of this mutant to
accumulate detectable virions (B, lane 9).
TABLE 1
Replication, Virus Assembly, and Movement Properties of the TCV Mutants
Inoculum Replicationa
Virus
assemblya Local infectionb
Systemic
infectionc
(%)
Mock 2 2 0.48 6 0.02 (4) 0 (16)
WT 1 1 7.65 6 1.24 (6) 100 (16)
p8d12 1 1 1.54 6 0.50 (6) 44 (25)
p8d37 1 1 1.10 6 0.10 (4) 0 (8)
p8d39 1 1 1.10 6 0.10 (4) 0 (8)
p8d75 1 1 1.10 6 0.14 (4) 0 (8)
p9T2 1 1 1.10 6 0.10 (4) 0 (8)
p8p9d81 1 1 1.12 6 0.10 (4) 0 (8)
p8p9d87 1 2 1.10 6 0.08 (4) 0 (8)
p8p9d92 1 1 1.10 6 0.10 (4) 0 (8)
DCP 1 2 7.15 6 1.66 (9) 0 (8)
p8d37 1 p9T2 Nd Nd 1.12 6 0.10 (6) 100 (8)
p8d39 1 p9T2 Nd Nd 1.25 6 0.11 (6) 100 (8)
a Replication and virus assembly determined by analysis of protoplast infections.
b The relative area of localized infection on inoculated leaves of plants at 4 dpi.
c Percentage of plants showing systemic symptoms at 24 dpi. Numbers in parentheses show number of plants tested in each case.
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rately to plants with p9T2. In both cases, the Arabidopsis
plants developed local chlorotic spots at 14 dpi indicative
of possible invasion but atypical of wild-type infection.
Analysis of the inoculated leaves of both double infec-
tions by in situ hybridization at 4 dpi failed to reveal
detectable infection foci under conditions when wild-
type virus had fully invaded the inoculated leaves (not
shown). These results suggested that the chlorotic spots
were either the result of very slowly developing infec-
tions due to inefficient complementation in trans or re-
version of one of the mutants (see later).
A fairly typical TCV systemic invasion was apparent in
the co-inoculated plants after a short delay in compari-
son to wild-type infections (ca. 10–11 dpi versus 6–7 dpi
for WT). The identity of the progeny viral RNA species in
both inoculated and systemically infected tissue was
evaluated by RT–PCR using P8S/P9E primers, which
would be expected to produce fragments of 420 bp for
WT viral RNA and p9T2, 383 bp for p8d37, and 381 bp for
p8d39. As shown in Fig. 6A, RT–PCR failed to detect any
fragment of expected size in Arabidopsis leaves inocu-
lated with p8d37, p8d39, or p9T2 at 18 dpi. The PCR
products obtained from coinoculated plants were further
analyzed with Sau3AI digestion in order to distinguish
FIG. 6. RT–PCR analysis of progeny virus in inoculated and systemic
leaves after inoculation of plants with complementing viral mutants.
Viral RNAs were extracted at 18 dpi from inoculated (IL) and systemic
(SL) leaves of Arabidopsis plants and subjected to RT–PCR using the
P8S/P9E primers. (A) A 1.5% agarose gel containing ethidium bromide
shows the RT–PCR products for the total RNAs extracted from the
inoculated leaves of plants infected with the different transcripts as
identified on the top of the gel. (B) The RT–PCR products for the total
RNAs extracted from both the IL and the SL of the co-inoculated plants
were then digested with Sau3AI and analyzed on a 2.0% agarose gel
containing 0.5 mg/ml ethidium bromide. The Sau3A-digested RT–PCR
products of the respective transcripts (inocula) were loaded on the left
half of the gel for comparison (labeled as markers). The molecular
weight (MW) marker used was HaeIII-digested double-strand fX174
DNA.
FIG. 5. Analysis of viral movement in inoculated leaves by in situ
hybridization. Leaves of Arabidopsis plants inoculated with inoculation
buffer (mock) and transcripts of T1d1 (WT), p8d12, and DCP were
collected sequentially at 1, 2, and 4 dpi. The leaves were photographed
to permit identification and then treated with ethanol and protease K
prior to hybridization with a TCV-specific probe labeled with 32P. After
hybridization, the leaves were exposed to X-ray films to visualize the
image. A second representative leaf collected at 4 dpi is also shown for
p8d12 and DCP.
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between the p9T2 mutant and wild-type TCV (Fig. 6B).
Only the three expected digestion products of the input
mutant inocula were identified in inoculated leaves. In-
terestingly, a novel species, typical of wild-type RNA,
appeared in all of the systemic leaves that showed
symptoms. Sequence analysis of the RT–PCR products
confirmed the presence of wild-type virus in the systemic
leaves, in addition to the parental mutants. It was not
possible, in these experiments, to reliably determine
whether the wild-type sequence occurred from the rever-
sion of p9T2 or recombination between p9T2 and the two
p8 mutants. However, the presence of significant amount
of both mutants in each case suggested that in trans
complementation likely took place in doubly infected
cells.
Complementation of movement mutants in transgenic
Arabidopsis
To obtain more definitive evidence for in trans comple-
mentation of the two MP genes, the ability of transgeni-
cally expressed MPs to complement the corresponding
defective mutants was evaluated. Homozygous F1 trans-
genic Arabidopsis lines expressing each of the MP
genes individually and together were produced along
with two control lines transformed with vector plasmid
only (lines 4431 and 4432). Several lines transformed
separately with either the p8 gene (designated 8003,
8018, and 8019) or the p9 gene (designated 9001, 9003,
9005, 9009, and 9013) were selected for further study
based on positive identification of the transgene by PCR.
Northern hybridization was used to establish the relative
level of expression of the p8 and p9 mRNAs in each of
the selected lines (Fig. 7). Line 8018 expressed the high-
est level of p8-specific mRNA and line 9003 showed the
highest level of p9 gene expression. Western blot anal-
ysis using Ab-p8 and Ab-p9 was able to detect p8 protein
in line 8018 but not p9 protein in line 9003 (Fig. 3). Two
homozygous hybrid lines (designated 8938 and 8913)
expressing both MP genes were produced by crossing
the two highest expressing lines (8018 3 9003) and two
moderate expressing lines (8003 3 9001). No apparent
morphological or growth abnormalities were noted in
any of the transgenic plants at either the whole plant or
cellular levels (data not shown; see Li, 1996).
When the transgenic lines were tested for susceptibil-
ity to wild-type TCV infection, none showed any apparent
resistance and all developed the severe yellowing and
stunting syndrome typical of wild-type infections. A quan-
titative assessment of systemic viral infection on the
plants was made by measuring plant height at 24 dpi.
These results showed no significant difference in the
degree of stunting caused by TCV infection among the
transgenic lines (Table 2). In addition, leaf hybridization
analysis performed on inoculated leaves of the same
plants at 4 dpi showed that the degree of cell-to-cell
invasiveness of wild-type TCV in the tested transgenic
lines was comparable to that in untransformed plants
(Table 2).
We next tested for the ability of the transgenically
expressed MP genes to complement mutant viruses de-
fective in the MP genes. As expected, none of the three
TABLE 2
Analysis of Localized and Systemic Infections of TCV Mutants
in Transgenic Arabidopsis thaliana Plants
Transgenic
lines Inoculum Local infectiona Systemic infectionb
8018 WT 7.72 6 1.72 (6) 4.94 6 2.40 (10)
9003 WT 7.12 6 1.87 (6) 5.42 6 2.17 (10)
8913 WT 7.80 6 1.50 (2) 4.25 6 1.41 (10)
8018 p8d39 7.13 6 2.22 (3) 13.6 6 2.30 (10)
8018 p8d75 8.13 6 1.15 (3) 12.3 6 2.13 (10)
8003 p8d39 7.00 6 1.64 (6) 5.85 6 2.47 (10)
8019 p8d39 7.03 6 1.82 (6) 4.95 6 2.07 (10)
9003 p9T2 7.88 6 0.81 (6) 4.28 6 1.95 (10)
8913 p8p9d92 6.58 6 1.62 (6) 3.84 6 1.18 (10)
a Relative area of localized infection on inoculated leaves at 4 dpi.
b Height of plants in centimeters at 24 dpi. Numbers in parentheses
show number of plants tested in each case.
FIG. 7. Northern blot analysis of lithium chloride-insoluble RNA (5 mg)
isolated from different homozygous F2 transgenic lines transformed
with either the p8 gene (lines 8019, 8003, and 8018), the p9 gene (lines
9013, 9003, 9001, 9009, and 9005), or vector alone (lines 4431 and 4432).
The blots were hybridized with 32P-labeled probes specific for either
the p8 gene (top panel) or the p9 gene (bottom panel), respectively.
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deletion mutants tested were able to infect plants of the
control line 4431 (Fig. 8). However, the two p8 deletion
mutants (p8d39 and p8d75) inoculated on each of three
p8 expressing transgenic lines (8003, 8018 and 8019)
showed evident symptoms of infection within 7–10 dpi in
all cases. Symptom development was typical of wild-type
infections on lines 8003 and 8019 and these plants
showed the same degree of stunting as wild-type infec-
tions at 24 dpi (Table 2). Symptom development was
delayed and stunting was less pronounced for both p8
mutants on the 8018 line. Cell-to-cell invasiveness of
both mutants on the inoculated leaves of all three trans-
genic lines was the same as that of wild-type virus, as
judged by leaf hybridzation assays (see Table 2 and Fig.
8 for the representative result on line 8003). The results
clearly suggest that all three p8 transgenic lines were
able to restore both the cell-to-cell and long-distance
movement functions to the p8 deletion mutants. Interest-
ingly, the highest expressing p8 line (8018) appeared to
be less competent at complementing the long-distance
movement phenotype to wild-type levels.
Similar results were obtained for mutant p9T2 inocu-
lations on the p9 transgenic line 9001 and for the
p8p9d92 double deletion mutant on a transgenic line
expressing both the p8 and the p9 genes (8913). Symp-
tom development, the degree of stunting, and invasive-
ness on inoculated leaves were observed to be typical
of wild-type infections in both cases (Table 2 and
Fig. 8). Interestingly, inoculations of the double mutant
(p8p9d92) on a double transgenic line (8938) derived
from the 8018 failed to show symptoms of infection after
prolonged incubation.
The integrity of the input mutant genome in the trans-
genic lines after the established infection was confirmed
as follows. Viral RNA accumulation in the systemic
leaves of the transgenic plants inoculated with the mu-
tants was monitored by slot-blot hybridization. In all pos-
itive complementation experiments, RNA was extracted
from leaves showing systemic symptoms and both infec-
tivity assays as well as RT–PCR and sequence analysis
were performed to specifically detect the presence of a
wild-type genome. Mutant genomes were identified in all
cases and no evidence for reversion of the mutants or
recombination between the mutant and transgene was
observed.
DISCUSSION
We demonstrated in our previous study that TCV was
unable to move systemically in all plant hosts tested
when either the p8 or p9 ORFs were disrupted by mu-
tagenesis (Hacker et al., 1992). Although we provided no
definitive evidence to distinguish between the role of
these genes in cell-to-cell or long-distance movement,
we concluded that the movement defect most likely re-
sulted from inability of the virus to spread cell-to-cell
based on absence of detectable viral RNA in the inocu-
lated leaves. It was also speculated that both p8 and p9
would be translated from the 1.7-kb bicistronic sgRNA as
two separate proteins rather as a fusion protein as had
been suggested from sequence analysis of other Car-
moviruses (Guilley et al., 1985; Riviere and Rochon, 1990).
We also suggested, based on the context of the two
ORFs on the bicistronic mRNA, that the more 59 proximal
p8 gene would be expressed to a higher level. We have
now confirmed each of these speculations with addi-
tional results.
Here we have provided some indirect evidence for the
translation of both proteins from the bicistronic 1.7-kb
FIG. 8. Complementation of movement defective mutants in trans-
genic plants. Autoradiographs show in situ hybridization results of the
inoculated leaves of Arabidopsis plants transformed with vector plas-
mid (4431), the p8 gene (line 8003), the p9 gene (line 9001), and both
genes together (line 8913). The leaves were inoculated with the mu-
tants indicated and harvested at various days postinoculation. The in
situ hybridization was performed as described in Fig. 5.
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sgRNA by translation of a cDNA-derived analog of this
mRNA in a wheat germ in vitro translation system. Sim-
ilar results were recently reported for the related SCV,
which has the same arrangement of two small overlap-
ping genes on a similar sized sgRNA (Weng and Xiong,
1997).
We have also provided direct evidence for the pres-
ence of the p8 gene product in vivo. Although initial
attempts failed to detect this protein in cellular extracts
using immunological probes, we were able to detect this
protein by Western blot analysis in relatively high con-
centrations in particulate fractions after cellular fraction-
ation. The distribution of the p8 protein was similar in
both infected and transgenic plants expressing the gene,
although the concentration in the transgenic plants was
lower. In contrast, we were not able to detect the p9
protein using similar approaches. It is likely that our
inability to detect the p9 in vivo could be the result of
inefficient translation of this downstream ORF, as was
observed in the in vitro translation experiments. How-
ever, this would not adequately explain why p9 could not
be detected in transgenic plants where expression levels
of the mRNA seemed adequate (compare Figs. 3 and 7).
A possible explanation might be inaccessibility of the
gene product due to subcellular localization or denatur-
ation during the cellular fraction process. Regardless of
the inability to detect this protein directly, we must con-
clude from genetic evidence that it is indeed synthesized
in sufficient quantity to be functional.
The result of the cellular fractionation experiments
suggests that the p8 gene product is tightly bound to a
particulate fraction in the plant cells. This result might be
interpreted as evidence that p8 is associated with the
cell wall or other particulate membrane structures. This
is not inconsistent with other reports that MPs are func-
tionally associated with plasmodesmata (Wolf et al.,1989,
1991) and interact with cytoskeleton (McLean et al., 1995;
Heinlein et al., 1995).
The additional deletion mutants of the p8 gene studied
here corroborate the previous results and extend the
observations of the effect of p8 and p9 mutants in Ara-
bidopsis. Moreover, the in situ hybridization analysis of
inoculated leaves provide the direct evidence that muta-
tions in either p8 or p9 ORF would result in a defect in
virus spread at the cell-to-cell level.
The inability of p8 and p9 mutant viruses to efficiently
complement each other in the co-inoculation experi-
ments suggests that the two proteins need to be coor-
dinately expressed in the same cell in order to promote
cell-to-cell spread at wild-type levels. This is based on
the assumption that movement competent double infec-
tions resulting from co-inoculation of a mixture of p8 and
p9 mutant transcripts would be initiated less frequently,
resulting in fewer functional foci of infection on the inoc-
ulated leaves. In addition, spread from the doubly in-
fected cells would likely take place more slowly because
the probability of both mutants moving from the primary
inoculated cell into the same secondary cells would also
be lower. The fact that efficient cell-to-cell movement
occurred for all MP-defective mutants when the respec-
tive interrupted gene(s) was complemented from the
expressed transgene(s) further supports this argument.
This also suggests that the relative levels of synthesis of
the two proteins may be less critical for promoting effi-
cient cell-to-cell movement than the requirement for ex-
pression of both proteins in the same cell. In conclusion,
we think these experiments provide the most definitive
evidence so far that both MP genes must function in
trans in the same cell in order to mediate cell-to-cell
movement.
The requirement for functional CP for systemic move-
ment of TCV has been well established (Heaton et al.,
1991; Hacker et al., 1992; Laakso and Heaton, 1993). The
role of the CP in cell-to-cell movement has been less well
defined and appears to vary depending on the plant
species tested. In this study we have clearly demon-
strated, using in situ hybridization, that the CP gene is
not required for a normal rate of cell-to-cell spread of
TCV RNA in inoculated leaves of Arabidopsis. These
results support the previous observation that TCV can
accumulate in the inoculated leaves of B. campestris
inoculated with the DCP mutant. We offer no explanation
for why such mutants do not appear to accumulate to
detectable levels in inoculated leaves of other hosts,
such as N. benthamiana (Heaton et al., 1991; Hacker et
al., 1992).
The successful complementation of the cell-to-cell
movement phenotype in transgenic plants now provides
a potentially useful system for further investigating the
function of the two MPs encoded by Carmoviruses. Al-
though we have yet to complete the direct biochemical
studies, analysis of the deduced amino acid sequence of
p8 reveals that it is a basic protein with an isoelectric
point of pH 10.62 and that it contains three very hydro-
philic domains. This is consistent with the nucleic acid-
binding property of the MPs of other viruses (Citovsky et
al., 1990; Giesman-Cookmeyer and Lommel, 1993). Inter-
estingly, the partially functional mutant (p8d12) retained
all of the charged amino acids except for a histidine
residue. In contrast, the p9 contains several clusters of
leucine residues and would be predicted to be very
hydrophobic. This might account for our inability to de-
tect it readily in vivo and suggests a possible role in
plasmodesmatal targeting.
Although speculative, these features suggest possible
functional homology of the two MPs of Carmoviruses
with the single proteins of other well-studied MPs, in-
cluding the 30-kDa protein of TMV and the 35-kDa pro-
tein of RCNMV. It has been known for some time that the
movement function of one virus can be complemented by
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another unrelated virus in double infections (Malyshenko
et al., 1989). The MPs of very different viruses have been
shown to be functionally homologous (De Jong and
Aulquist, 1992; Giesman-Cookmeyer et al., 1995). There
is also evidence that inhibition of movement might be
nonspecific as well. A nonhost tobacco plant expressing
the BMV 32-kDa MP was shown to be resistant to infec-
tion by TMV, suggesting that expression of a heterolo-
gous MP not adapted for a particular host can interfere
with the process mediated by the homologous MP (Maly-
shenko et al., 1993). Our transgenic complementation
experiments suggest that TCV may be a good model
system for elucidating the functional role of each MP
separately and together in the cell-to-cell movement pro-
cess. The system should also prove valuable for exam-
ining sequential steps of virus movement and for study-
ing host proteins with which the MPs might interact
separately or as a complex (Lin and Heaton, 1997).
MATERIALS AND METHODS
Plant materials and inoculation of the transcripts
A. thaliana ecotype WS plants, kindly provided by Dr.
David Marks (University of Minnesota), were grown un-
der 14-h day length at a constant temperature of 22°C.
The inoculations were performed on plants when 8–9
leaves had developed. In vitro transcripts of each con-
struct (10 mg) (made using an AmpliScribe Kit, Epicentre
Technologies) were inoculated onto each plant. Proto-
plast infections were performed as described previously
using cells derived from cucumber cotyledons (Hacker et
al., 1992).
Purification of viruses, virion RNAs, and Northern blot
analyses
Virus purification and viral RNA extraction from proto-
plasts or plant tissue were conducted as described pre-
viously (Hacker et al., 1992). The Northern hybridization
was conducted as described by White et al. (1995). In situ
hybridization of plant leaves was performed as de-
scribed by Dempsey et al. (1992). Quantification of the
area of localized spread was estimated by counting the
number of squares covering the black areas on the
autoradiograms with a 200-mesh nylon cloth under a
dissecting microscope. The average lesion areas re-
ported in Table 1 were calculated from at least four
inoculated leaves.
In vitro translation of 1.7-kb sgRNA
Plasmid pTCV1.7, containing sequences of the 1.7-kb
sgRNA, was from a previous study (Wei, 1990). It was
constructed by ligating ScaI/XbaI restriction fragments of
T1d1 (the TCV infectious clone) into SmaI/XbaI-digested
pT7E19 (1) (Petty, 1988). The RNA produced was 42 nt
longer than the actual 1.7-kb sgRNA, which starts at nt
2232 (Wang and Simon, 1997). In vitro transcripts of the
pTCV1.7 were used as mRNA of the in vitro translation
(wheat germ in vitro translation system, Promega) in the
presence of [3H]leucine (Promega).
Fractionation and Western blot analysis of the
proteins from plant leaf tissue
Fractionation of subcellular components of A. thaliana
leaf tissue was performed essentially as described by
Scholthof et al. (1994). Infected plant tissue was collected
at 30 dpi. One-fifth of each cell fraction was run on a 15%
SDS–PAGE gel which was then analyzed following the
protocol described for the Western Blot Chemilumine-
scence Reagent (DuPond NEN, Renaissance) using the
appropriate primary antibodies and goat anti-mouse
horseradish peroxidase (HRP, Boeringer Mannheim) as
the secondary antibody.
Preparation of antibodies against putative p8
and p9 MPs
The p8 and p9 genes were PCR-amplified using pT1d1
as the template and the following oligodeoxynucleotides
as primers: P8S, 59-AG AGA TCT ACC ATG GAT CCT GAA
CGA ATT C-39, the underlined nt represent an NcoI site;
P8E, 59-TA AGA TCT AGG GCC TCA GAA GTT GA A GTT
GAT TGA GA-39; P9S, 59-CA GGA TCC ATC ATG AAG GTT
CTG CTA GTC A-39, the underlined nt represent an BspHI
site; and P9E, 59-TA GGA TCC AGG GCC TCA TTT TCC
ATT TCC AGT GTT-39. The amplified fragments were then
cloned into pGEX-2T, a vector designed to enable the
fusion of a protein of interest to the C-terminus of GST
just after a thrombin cleavage site (Smith and Johnson,
1988). The insertion of p8 and p9 fragments were made
in-frame with GST by using the NcoI and BspHI sites
incorporated into the 59 PCR primers. The plasmids,
designated pGEX-p8 and pGEX-p9, were transformed
into E. coli strain XL1 Blue. GST-p8 and GST-p9 fusion
proteins were then prepared using the procedure of
Smith and Johnson (1988). GST-p9 was found only in the
pellet fraction of lysed cells harboring pGEX-p9 and was
purified directly from the total lysate using preparative
SDS–PAGE. The yields were about 0.6 mg/liter of culture
for GST-p8 and 2 mg/liter of culture for GST-p9.
The purified GST-p8 and GST-p9 protein were used to
immunize mice (Antibody Facility of the Center for Bio-
technology, UNL). Titers were monitored using ELISA
and myeloma cells were injected into mice when the
titers approached 1:10,000–1:50,000. Ascites fluid col-
lected from mice immunized with GST-p8 were pooled
and purified for specific IgGs (Ab-p8). The Ab-p9 was
obtained using a similar procedure. The specificity of the
respective IgGs (Ab-p8 and Ab-p9) was confirmed by
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Western blot analysis using the GST-p8 and GST-p9 fu-
sion proteins digested with thrombin.
Construction of TCV movement mutants
Plasmid T1d1 was essentially as described previously
except that the 59 terminus was modified to contain two
Gs instead of the four Gs present in the original construct
(Heaton et al., 1989). This minor change, recommended
by Dr. Anne Simon (University of Massachusetts at Am-
herst), was shown to significantly improve the specific
infectivity of transcripts derived from the clone (Li, 1996).
A small in-frame deletion mutant of p8, p8d12, was
made by digesting T1d1 with NheI and religation. A
larger in-frame deletion mutant, p8d75, was constructed
by digestion of the T1d1 with EcoRI and NheI followed by
the ligation with a synthetic double-stranded oligonucle-
otide (59-AATT CCCTA CAACT CTCTA AGCG-39/39-GG-
GAT GTTGA GAGAT TCGC-59). The p9T2 mutant was
from Hacker et al. (1992). Additional deletion mutants
were made by digestion of T1d1 with Nhe I followed by
progressive deletion with Bal31 nuclease. The p8d37 and
p8d39 were selected as representative frame-shift and
in-frame p8 mutants, respectively. The p8p9d81, p8p9d87,
and p8p9d92 were selected for further study because
both p8 and p9 were disrupted. The coat protein deletion
mutant (DCP), constructed by deletion of the NarI frag-
ment in T1d1, was described by Hacker et al. (1992). All
mutants used in this study were sequenced and the
nucleotides bordering the deletions are shown in the
schematic representation of the clones in Fig 1.
Development of p8- and p9- transgenic Arabidopsis
plants
Agrobacterium tumefaciens-mediated transformation
of the p8 and p9 genes was performed using the plasmid
pAM443 as the Ti-based vector as described by Mitra
and Higgins (1994). The p8 and p9 genes were PCR-
amplified and cloned into pAM443 between XbaI and
ClaI sites to produce pAM-p8 and between HindIII and
XbaI sites to produce pAM-p9. The pAM-p8, pAM-p9, and
pAM443 were each transformed separately into A. tume-
faciens LBA4404 to produce Ag443, Ag-p8, and Ag-p9,
respectively. They were selected for tetracycline resis-
tance and used to transform A. thaliana WS plants using
a root transformation protocol (Valvekens et al., 1988).
After seed production, the F1 progeny of each transfor-
mant (T1) were selected for single gene insertions. Se-
lected F1 lines were selfed and homozygous F1 lines
were identified in their F2 progeny as lines that did not
segregate. Transgenic lines expressing both the p8 and
p9 genes were produced by genetically crossing se-
lected homozygous lines carrying p8 with selected ho-
mozygous lines carrying p9 (see Results). Genomic DNA
was extracted from the transgenic plants and the pres-
ence of each gene was verified by PCR amplification
using either the P8S/P8E or the P9S/P9E primers. Tran-
scription of the p8 and p9 genes in transgenic plants was
evaluated by Northern blot hybridization of total RNA
extracts.
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